Microorganisms have evolved to respond to environmental factors allowing adaption to changing conditions and minimisation of potential harm. Microbes have the ability to sense a wide range of biotic and abiotic factors including nutrient levels, analytes, temperature, contaminants, community quorum, and metabolic activity. Due to this ability, the use of whole-cell microbes as biosensors is attractive as it can provide real-time in situ information on biologically relevant factors through qualitative and quantitative out-
Microorganisms have evolved to respond to environmental factors allowing adaption to changing conditions and minimisation of potential harm. Microbes have the ability to sense a wide range of biotic and abiotic factors including nutrient levels, analytes, temperature, contaminants, community quorum, and metabolic activity. Due to this ability, the use of whole-cell microbes as biosensors is attractive as it can provide real-time in situ information on biologically relevant factors through qualitative and quantitative outputs. Interestingly, many of the environments where these biosensors will be of most of use lack oxygen; and as such the use of anaerobic microorganisms to sense environmental factors with easy to use outputs is essential. Furthermore, sensing of contaminants can be linked with bioremediation of known contaminated environments, allowing a flexible, multiplexed device.
Traditionally, a whole-cell microbial biosensor is described as an analytic device consisting of microorganisms that produce a measurable output in response to a particular stimulus 1 . In the current literature, microbial biosensors are developed in laboratory based E. coli strains, consisting of a cloned gene pathway incorporating regulatory and reporter genes 1 BOD, biological oxygen demand; LOD, limit of detection; MFC, microbial fuel cell; operational concentration, concentration for optimal current output. Unfortunately, such sensors are difficult to implement outside of laboratory conditions due to issues with the reliability of the biosensors, as a new anaerobic community is required for each sample tested 15 .
Investigation into developing a cost-effective MFC biosensor has resulted in a Subsurface Microbial Activity in Real Time (SMART) system, which allows constant monitoring of anaerobic microbial activity in soils 6 . Three sediment samples were tested with known anaerobic communities responsible for either Fe(III) reduction, sulfate reduction, or methane production. Electrical current production was correlated with the degradation of tracer acetate [uniformly 14 C labelled] with Fe (III), sulfate, or methane acting as a terminal electron acceptor 6 . These lab-based MFC biosensors thus allow the ex situ monitoring of organic compound degradation from added sediment samples ( Figure 1a ). When placed in situ, these devices will primarily be useful for monitoring relative changes in microbial activity in response to environmental perturbations.
These microbial systems are sensitive to environmental variations, such as temperature and seasonal changes, and may not be ideal to be implemented as in situ standalone devices. However, investigation of current production in these anode-resistor-cathode systems provides insight into microbial activity in sediments, and may allow monitoring of the microbial activity of communities responsible for the transformations of important organic compounds in anoxic environments.
Bioremediation of contaminants
Direct or mediated electron transfer between microbes and an electrode may allow degradation or transformation of pollutants in bioremediation processes 16 . Compounds such as metals are unable to be degraded, but can have their solubility reduced. This is essential in preventing their spread and contamination 16, 17 . For example, Geobacter sulfurreducens is capable of dissimilatory metal reduction, a process where energy is conserved through oxidizing organic or inorganic electron donors while reducing a metal or metalloid 18 . Geobacter species capable of dissimilatory metal reduction have been applied in a practical on-site in situ MFC biosensor, using acetate, an intermediate compound produced
during metabolic processes 7 , to drive reduction of soluble U( VI ) to less-soluble U( IV ). Anodes were installed down-gradient of the site of bioremediation and a cathode was embedded on the soil surface ( Figure 1b ). This allowed a correlation to be determined between the injections of acetate at the site of contamination, with a significant increase in current 7 . This spike in activity also allowed monitoring of changing subsurface water flow through the use of microbial activity measurements, in a grid pattern well set up. Thus this multiplexed sensor allows for monitoring of uranium reduction, while acting as an on-site bioreactor, removing the need for continuous sampling and off-site testing 7 . The use of a cathode alone can provide the redox potential required for promoting microbial activity, while simplifying the system. In this case, the cathode acts as an electron donor and provides metabolic energy to the subsoil microbial population. These devices can be solar powered, left in remote locations indefinitely, and not require any further input. It is important to note that in subsoil systems undergoing bioremediation, a good understanding of electron donor or acceptor limitations, metabolic activity and community function are essential for efficient remediation.
Synthetically derived electric biosensors
Currently, anaerobic biosensors rely on naturally existing microbial communities to degrade organics, however there has been investigation into incorporating synthetically derived biosensing pathways into MFC devices. Such systems have utilised Boolean logic gate ideas, which are based on modular computer based decision circuits, such as AND, NOT and OR gates 10, 19 . For example, for an AND gate, two inputs must be present for a target gene to be transcribed. A synthetic biosensor has been produced that allows incorporation of a range of known regulator genes, and is based on a quorum sensing system. In a demonstration system, IPTG and quorum sensing modules were created through the use of lacl and 
